A detailed study of the long-range, nanoscale, and local structure of La 0.8 MnO 3 films of varying thickness was performed. These measurements give insight on the relative volumes of the insulating and metallic regions. A thin metallic surface region is found in all films. The nature of the film growth is also discussed. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1470689͔ Due to the large ͑colossal͒ magnetoresistance exhibited by perovskite manganites, they have attracted a great deal of interest for the potential applications.
Due to the large ͑colossal͒ magnetoresistance exhibited by perovskite manganites, they have attracted a great deal of interest for the potential applications. 1 It is evident that lattice strain plays an important role in the properties of these materials. 2, 3 The first systematic experimental study of the effect of thickness on the magnetotransport properties of thin films was performed by Jin et al. 2 which was later followed by others. 3, 4 The characteristic feature found is that the metal-insulator transition is suppressed in very thin films. Systematic magnetic studies have also been performed. [5] [6] [7] [8] [9] O'Donnel et al. 9 suggested that the magnetic anisotropy in films seen in many experiments is dominated by strain induced anisotropy leading to an easy axis which occurs parallel to or normal to the film plane depending on substrate induce compression or tension. The first attempt at quantifying the role of strain in these materials was made by Millis et al. 10 who showed that T C is extremely sensitive to biaxial strain and that T C reduction is quadratic in the Jahn-Teller distortion. 11 A bandstructure calculation of the phase diagram of tetragonal magnanites 12 showed that magnetic degrees of freedom can be indirectly controlled by lattice distortions via orbital degrees of freedom. It was argued that by changing the c/a ratio, the e g orbital extending along the elongated MnuO bond is preferentially occupied.
In unannealed thin films of La 0.7 Ca 0.3 MnO 3 ͑Ͻ250 Å͒ it is found the peak resistivity temperature T p decreases with film thickness while the curie temperature T C remains constant. 13 The difference between T C and T p is as large 100 K for a 50 Å films while the difference vanishes as in the case of bulk materials for films above 250 Å. Consistent with these results, other studies have shown that ultrathin films ͑ϳ50 Å͒ become insulators. 3, 4 In addition, it is found that annealing of thin films has a rather striking effect-it converts insulating ultrathin films into metallic films 3, 14 and increases the Curie temperature and saturation magnetization of thick films. 3, 15 To understand the effect of thickness on the properties of ultrathin manganite films, we looked at three films ͑60, 300, and 1600 Å͒ of the ferromagnetic system La 0.8 MnO 3 . We examined the nanoscale structure by atomic force microscopy ͑AFM͒ measurements, the periodic structure by synchrotron x-ray diffraction ͑XRD͒ and the local atomic structure by near edge x-ray absorption spectroscopy. The AFM measurements reveal that the 60 Å film is composed of islands which coalesce into a smooth layer in the 300 Å film and lead to columnar growth in the 1600 Å film. A thin near surface region is found in all films by XRD. X-ray absorption measurements reveal significant local distortions occur in the MnO 6 octahedral of the 60 Å film ͑more distorted than LaMnO 3 ͒ while the differences between the 300 and 1600 Å films are small. Epitaxial La 0.8 MnO 3 films were grown on ͑001͒ LaAlO 3 substrates by metalorganic chemical vapor deposition using a liquid-injection source delivery system. 16, 17 Deposition runs were carried out at 700°C under a total pressure of 0.67 kPa and an oxygen partial pressure of 0.33 kPa. After deposition, films were in situ annealed at one atmosphere of oxygen at 800°C for 15 min. Films of thicknesses 1600, 300, and 60 Å were prepared. The magnetization was measured in the range 4.2-320 K under a total magnetic field of 0.2 T in a vibrating sample magnetometer. The T C values for the films were 180, 230, and 240 K for the 60 Å, 300 Å, and 1600 Å films, respectively. Resistivity measurements were performed using a four-point probe technique ͓see Fig. 2͑c͔͒ . The T p ͑peak resistivity͒ values for the films were, 225 K, 255 K, and 260 K for the 60 Å, 300 Å, and 1600 Å films, respectively. All films were found to be metallic. A Digital Instruments AFM NanoScope IIIa operating in contact mode was used to investigate the surface morphology. Synchrotron XRD experiments were performed on the Oak Ridge National Laboratoa͒ Electronic mail: tyson@adm.njit.edu APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 15 15 APRIL 2002 ry's X-ray beamline X14A at the National Synchrotron Light Source ͑NSLS͒ at the Brookhaven National Laboratory ͑BNL͒. The x-ray energy was set to 8.0468 keV ( ϭ1.5406 Å). Mn K-edge absorption spectra in fluorescence mode were measured on NSLS beamline X19A. Measurements were made for films with the beam electric field polarization vector nearly 45°to the surface. The near edge spectra were area normalized.
In Fig. 1 , we show the AFM images of the 60 Å ͑a͒, 300 Å ͑b͒, and 1600 Å ͑c͒ films plotted on the same scale. We can see that the 60 Å is not uniform but is composed of islands of La 0.8 MnO 3 . The islands become connected in the 300 Å film followed by columnar growth seen in the 1600 Å film. Interestingly, the 300 Å film is the most smooth film. Hence, as a function of thickness different growth mechanisms prevail. It may be expected that the island structure would result in insulating films. However, these annealed films are metallic ͓Fig. 2͑c͔͒. As will be seen next, an unstrained surface region exists even in the thin films.
In Figs. 2͑a͒ and 2͑b͒ , we show the diffraction profiles for two in-plane orthogonal reflections: ͑4 0 0͒ and ͑0 4 0͒. These measurements correspond to near 90°rotations relative to the ͑0 0 4͒ sample normal. We call these reflections in plane. For the 60 Å film, a pair of lines occurs at high angle relative to a pair lines found in the 1600 Å film at lower angle. While the corresponding pair of diffraction lines in the 300 Å film are significantly closer to those of the 1600 Å film than those of the 60 Å film. The 300 Å film has an additional peak (C 2 ) with d spacing similar to those of the 60 Å film. The substrate peak appears for all orientations at a higher angle indicating that the substrate has a smaller lattice constant than the films. From -scans, we find epitaxial growth in all of the films consistent with equal in-plane lattice parameters.
The two-peak structure is consistent with a film composed of two regions, one near the substrate ͑A peaks͒ which is highly constrained by the substrate lattice and a more relaxed region away from the substrate ͑B peaks͒ with significant lattice relaxation. Hence, the 300 and 1600 Å films are composed of a strained A layer with a relaxed B layer.
In the 60 Å film, the in-plane ͑400͒ and ͑040͒ reflections yield A layer spacings of 1.347 Å and 1.353 Å, and B layer spacings of ϳ1.357 Å and 1.363 Å. That means that in the very thin film, there is in-plane asymmetry in both A and B layers. The 60 Å film tracks the substrate in-plane asymmetry as seen in the difference in the peak position for the substrate peaks. On the other hand, the 300 and 1600 Å films reveal no such asymmetry suggesting cubic symmetry.
In Fig. 2͑c͒ , we show the out-of-plane diffraction profiles for the three films. All profiles decomposed into ϳtwo peaks except for the 300 Å films, which has at least four peaks with the addition of weak features labeled C 2 and C 2 Ј at a low and high angle, respectively. Apart from these weaker peaks, the peaks positions ͑A and B͒ are quite consistent with the in-plane measurement if one assumes an approximately constant volume-if the film is compressed in plane, it will relax out of plane. In this way, the corresponding peak labels found in the in-plane measurements are matched to the out-of-plane measurements. The peak C 2 Ј of the 300 Å film is possible corresponding to weak shoulder of in-plane scans.
From this discussion, we can see that strain in film is reduced as the thickness of the film increases and makes two different majority layers in films. At some critical thickness, for example 300 Å in this case, the strain produces some more very thin minority layers. Local structural information can be gleaned from x-ray absorption measurements. We measured Mn K-edge absorption spectra of these films ͑Fig. 3͒. This spectrum shows a strong dependence of width of the 1s to ''4 p'' peaks with thickness. The broadest and most narrow ones correspond to the 60 Å and 1600 Å films, respectively. We note that the 300 and 1600 Å have similar profiles while the 60 Å film is distinctly broader. In our recently work, 18, 19 we have shown that in the manganites, the local distortions of the MnO 6 octahedra are manifested by the enhancement of the width of the main line.
The important point is that the 60 Å film has very large local distortions which are significantly larger than those present in stoichiometric LaMnO 3 ͑see Refs. 18 and 19͒. Yet, this film is ferromagnetic and metallic. This indicates that the film is mainly composed of a strained layer with a covering metallic B layer. The two layer growth has been seen by others. 2, 20 However, here we addressed the evolution of the relative A and B volumes with thickness on multiple length scales.
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